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electroporation is minimally invasive, quick, successful and anatomically precise. Moreover, as no surgery is required, it can be performed several times in the same individual, and littermates can undergo independent treatments. Comparison with existing method: As compared to in utero electroporation in rodents, in pouch electroporation in marsupials offers unprecedented opportunities to study brain development in a minimally invasive manner.
Continuous access to developing joeys during a protracted period of cortical development allows multiple and independent genetic manipulations to study the interaction of different systems during brain development. Conclusions: In pouch electroporation in marsupials offers an excellent in vivo assay to study forebrain development and evolution. By combining developmental, functional and comparative approaches, this system offers new avenues to investigate questions of biological and medical relevance, such as the precise mechanisms of brain wiring and the organismic and environmental influences on neural circuit formation.
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INTRODUCTION
The ability to characterise and manipulate specific neuronal populations independently has been critical for our understanding of the fundamental processes that underlie correct brain development, as well as the mechanisms involved in neurodevelopmental disorders. In the past few decades, an increasingly popular technique that allows gene manipulation of selected cellular populations in a spatially confined way has been in utero electroporation 1, 2 Electroporation was introduced in 1982, when Neumann et al. reported a method to transport DNA into cells in vitro by applying short electric pulses 3 . This procedure has the dual effect of increasing the membrane permeability and mobilising the negatively charged DNA molecules towards the positive electrode 3 . This technique has since been adapted to be performed in vivo to drive gene expression in selected populations of newborn neurons [4] [5] [6] , and has been so far successfully carried out in several vertebrates, such as zebrafish, xenopus, chicken, mouse, rats and ferrets 4, 5, [7] [8] [9] [10] . In eutherian mammals, such as rats and mice, in utero electroporation consists of injecting plasmid DNA into the lateral ventricle of embryonic brains, typically using a pulled glass pipette, and then applying electric pulses using forcepslike electrodes 1 . Cell specificity can be achieved by controlling: 1) the developmental stage when selected populations are born, 2) the orientation and position of the electrodes, and 3)
the DNA vector used to drive cell-specific gene manipulation 11 . However, a major challange of in utero electroporation is that surgery is required to expose the uterine horns and access the embryos. Therefore, this technique can only be performed a limited number of times in the same pregnant female to minimize mortality risks for the mother and/or the embryos 12 . In order to overcome this issue, and to provide an experimental model of mammalian brain development and evolution, we adapted this technique in an australidelphian marsupial, the fat-tailed dunnart (Sminthopsis crassicaudata), a mouse-sized member of the Dasyuridae family of carnivorous marsupials 14 . Marsupials are promising animal models to study forebrain development, as the overall pattern of neurogenesis, layer cytoarchitecture and molecular profiles of cortical neurons is widely shared with eutherian mammals [13] [14] [15] [16] . An important developmental difference, however, is that marsupials are born with a very immature forebrain and most of cortical neurogenesis occurs postnatally 14, 16, 17 . Therefore, electroporation can be performed without surgery inside the pouch, allowing multiple independent events of gene manipulation within and between littermates.
Here we present the method, applications and advantages of in pouch electroporation in postnatal fat-tailed dunnarts and the potential of this experimental model to study mammalian brain development. Moreover, this technique performed in marsupials also represents a versatile tool to test hypotheses about the evolution of brain circuits.
MATERIALS AND METHODS

Animals
Animal breeding and all experimental procedures were approved by The University of teats is more common, a tattooing system was used for identification. Briefly, one of the paws and/or the base of the tail of each joey was immobilised with forceps and a small scratch was made on the skin with a fine hypodermic needle (30G) embedded with a green tattoo paste (Ketchum Mfg. Co., NY).
Adult anaesthesia
For temporary sedation, adult female dunnarts with pouch young were transferred into a gas anaesthesia induction chamber with 5% isoflurane in medical oxygen, delivered at a flow rate of 200 mL/Kg/min. The anaesthesia was then maintained by supplying 2-5% isoflurane through a silicone mask (Zero Dead Space MINI Qube Anaesthetic System, AAS, AZ) throughout the procedure. The system connects directly to the vacuum outlet and incorporates an air brake to avoid the risk of lung collapse (Fig. 1A) . This allows careful examination and manipulation of joeys in a minimally invasive manner.
In pouch electroporation
Plasmid injection:
Once the female dunnart was anaesthetised and placed on a heatpad in supine position, the pouch was carefully everted, and the joeys were exposed gently, without previously prepared using a Flaming/Brown micropipette puller (heat 495, pull 100, vel 100, Sutter Instrument Co., CA), was trimmed obliquely using forceps as previously described 1,2 .
The plasmids used in this study were the fluorophores tdTomato and eYFP (red and green, respectively) 19, 20 cloned into a pCAG expression vector 21 . To visualise the location of the plasmid solution into the lateral ventricle, 0.0025% v/v of the dye Fast Green (Sigma-Aldrich Co., MO) was added 1,2 .
Position of the electrodes:
The 1mm forcep-type electrodes (Nepa Gene Co., Ichikawa) were positioned on the head of each joey immediately following plasmid injection (Fig. 1E ). The spatial orientation was defined depending on the targeted neuronal population. Five 100 ms square pulses of 30-35 V were delivered to specific brain regions via an electroporator system (ECM 830, BTX, Harvard Bioscience, MA). The same electrode size and pulse parameters were used throughout stages and brain regions, resulting in consistent and well-defined electroporated patches. After the completion of the procedure, the joeys were replaced inside the pouch and the mother was allowed to recover.
Euthanasia and tissue collection
Once the mother with pouch young was anaesthetised as described above, joeys were (PFA; ProSciTech, QLD) in saline (0.9% NaCl), while older joeys were transcardially perfused with saline followed by 4% PFA. Brains were post-fixed in 4% PFA for at least four days before further processing.
Immunohistochemistry
Collected brains were embedded in 3.4% agarose (Difco, Thomas Scientific, NJ) and sectioned coronally using a vibratome (VT1000S, Leica Biosystems, Nussloch). Brain sections of 50 m were mounted on microscopy slides (Superfrost Plus, Thermo Fisher Scientific, MA), dried and covered with 4% PFA for 10 minutes for post-fixation. The slides were then incubated for 2 hours in 10% (v/v) normal donkey serum (NDS; Jackson Immunoresearch Inc., PA) and 0.2% Triton X-100 (TX100, Sigma-Aldrich Co., MO) in PBS (pH 7.4), followed by overnight incubation in 10% NDS and 0.2% TX-100 in PBS with 
Statistical analysis
D'Agostino & Pearson tests were used to assess the normality of the datasets, which found them all to have non-normal distributions. Data analysis was therefore performed using Mann-Whitney or Kruskal-Wallis non-parametric tests (Prism 7, GraphPad Software Inc., CA). Probability values of p < 0.05 were considered significant. Data is presented as mean ± standard error of the mean (SEM).
RESULTS
In pouch electroporation can be successfully performed in fat-tailed dunnarts
Considering that in pouch electroporation has never been performed before in a marsupial model, we first set out to establish a protocol and determine its feasibility as an experimental model. Much of the equipment and protocols for standard mouse in utero electroporation can be adapted to dunnarts, as their brain is slightly smaller than stagematched mice (cortical thickness of stage 24 dunnarts is 64.6% that of E16.5 mice; in adult dunnarts it is 65.8% that of adult mice). The schematic in Fig. 1A illustrates the experimental set-up to examine female dunnarts with pouch young (see Methods for further details). Once the female was anaesthetised, the joeys were exposed by everting the pouch (Figs. 1B, 1C ).
The plasmid solution was then injected into the lateral ventricle (Fig. 1D) , using a pulled glass pipette attached to a picospritzer with pedal control of air pulses, and the electrodes were positioned over the presumptive somatosensory cortex by clamping the head (Fig. 1E ).
We performed this technique at stage 23, collected the animals at stage 27, and found that it successfully induced expression of eYFP into the dunnart brain ( 
In pouch electroporation does not significantly affect the mortality rate of fat-tailed dunnarts
Given the ex utero development of the dunnart forebrain, no surgery of the mother is required to access the joeys at these stages, which makes in pouch electroporation a minimally invasive technique. This resulted in 100% survival rate of the mothers of electroporated joeys across different developmental stages of in pouch electroporation (mortality rate 0%, n=42, Fig. 2E ). We then calculated the mortality rate of joeys per litter after they received the first electroporation (1.2%, n = 42 litters, 273 total joeys, Fig. 2E ) and after the same joeys were electroporated for the second time (7.4%, n = 42 litters, 269 total joeys, Fig. 2E ). The baseline mortality rate for non-electroporated joeys per litter during the developmental stage in which the first electroporation was performed, i.e. between stage 19
and 21 (P7-P16), was 0% (n = 17 litters, 69 joeys), and during the developmental stage between the second electroporation and collection, i.e. between stage 22 and 28 (P17-P50), was 4.3% (n = 11 litters, 68 joeys). We then compared the mortality rate of joeys after one or two electroporations with the baseline of mortality rate of non-electroporated controls of the same age, and found that the difference was not statistically significant ( The mortality of the mothers and joeys that received either one or two electroporations was compared to non-electroporated controls (mortality baseline). Normalised mortality rate of mothers (0%; n = 42; left), joeys after 1 st electroporation (1.2%; control, n = 69; electrporated, n = 273; middle), and joeys after 2 nd electroporation (3.1%; control, n = 68; electroporated, n = 269; right. Differences of mortality rates between non-electroporated controls and electroporated joeys was not statistically significant after either the first or second electroporations (p = 0.5827 and p=0.3921, respectively; Mann-Whitney tests). The results are shown as mean ± SEM.
The protracted neocortical neurogenesis in fat-tailed dunnarts facilitates the independent transfection of distinct neuronal layers with in pouch electroporation
Development of the marsupial neocortex is 2-3 times more protracted as compared to mice 16, 22, 23 , offering an extended period for developmental manipulations, including the differential transfection of progenitors that give rise to neurons of distinct neuronal layers.
We electroporated the somatosensory cortex across development and examined the brains at stage 27, when the neurons have reached their final location in the different layers of the neocortex 14 . When the electroporation was performed at stages 19, 20, 21 or 23 (see Table 1 for respective postnatal brains), transfected neurons predominantly localised in layers (L) 5-6, L5-4, L4-3 and L2/3, respectively, corresponding to an inside-out neurogenic labelling pattern (Fig. 3A) . 
In pouch electroporation results in high transfection rates across development
We obtained a high success rate of transfection across developmental stages in which in pouch electroporation was performed (stage 19 = 84.4%, n = 8 litters, 41 total joeys; stage 20 = 89.1% n = 11 litters, 41 total joeys; stage 21 = 86.5%, n = 19 litters, 98 total joeys; stage 22 = 91.5%, n = 11 litters, 50 total joeys, Fig. 3B ). Moreover, transfection success showed no statistically significant difference across stages (Fig. 3B , Kruskal-Wallis test, p > 0.99 for all comparisons), further demonstrating its potential to manipulate gene expression across multiple points of development.
Different genes can be successfully expressed in different neurons by electroporating at multiple time points
Given that in pouch electroporation does not significantly increase the mortality of the joeys or their mothers, even when repeated in the same animals (Fig. 2E) , this technique can be performed multiple times to differentially manipulate distinct neuronal populations within and between littermates. We electroporated the same neocortical hemisphere sequentially using two different constructs: tdTomato at stage 20 and eYFP at stage 23. This selectively labeled the deeper and upper layer neurons of the neocortex, respectively (Fig. 4) .
Considering that the main output neurons of the neocortex are located both in L2/3 and L5/6, the ability to differentially manipulate gene expression in these neuronal populations provides new experimental opportunities to investigate their respective roles in circuit formation. 
Different brain areas can be precisely targeted with in pouch electroporation
In mice, in utero electroporation has been used to transfect numerous brain structures 24, 25 . However, positioning the electrodes across the uterine wall and amniotic sac restricts the accuracy and replicability of the electroporated site location. On the other hand, the head of marsupial joeys can be directly held with the electrodes without these barriers, facilitating the precise targeting of the electroporated region. To establish a set of examples of regions that can be reliably transfected in dunnarts, we controlled the position of the electrodes aiming at different forebrain locations. We generated numerous cases of wellconfined sites of electroporated neurons. Examples of forebrain regions that can be successfully transfected include the olfactory bulb, the anterior olfactory nucleus, prefrontal cortex, hippocampus, neocortex, piriform cortex, striatum, thalamus, and entorhinal cortex (Fig. 5 ). 
DISCUSSION
In vivo electroporation is a technique widely used across species to study many aspects of brain development, from the generation of specific cellular populations to the formation of functional brain circuits 5, [7] [8] [9] [10] 26 .
Here, we successfully adapted this technique to be performed in pouch-young of the Australian marsupial fat-tailed dunnart, as it presents several advantages. First, as opposed to eutherian mammals, the forebrain of marsupials develops predominantly postnatally, while in the pouch, so it is possible to study brain development from stages equivalent to midembryogenesis in a minimally invasive manner 14 . Second, while in eutherians a surgery is required to access the embryos, exposing the dunnart joeys in anaesthetised females has a lower mortality rate as compared to mice 12 . As a result, this technique has a high success rate, and more than 90% at later stages [26] [27] [28] . The mortality rate of electroporated mouse embryos also depends on the strain and the age in which the technique was performed, and can reach up to 40% when the embryos are electroporated before E12.5 24, 27, 28 down to less than 10% after E15.5 26, 29 . Similarly, the mortality rate of mouse mothers is dependent on the strain, the electroporation parameters, and the duration of the procedure, and it can reach up to 8-10%
when performed at very early stages (E9.5-E10.5) 30 , while in contrast in dunnarts it is negligible throughout developmental stages.
Another important advantage of using postnatal marsupials as models of mammalian forebrain development is the unprecedented opportunity for continuous access, observation, manipulation and collection of individual littermates across development, without the need to sacrifice the mother or littermates. Moreover, the ability to transfect multiple brain regions across developmental stages can be used to elucidate the specific contribution of different neuronal populations in the formation of brain circuits via selective expression of genetic constructs.
In pouch electroporation, using a mouse-sized marsupial species that breeds well in captivity 14 , will also provide useful tools to investigate comparative and evolutionary questions. To our knowledge, this is the first description of marsupial electroporation, and its 
CONCLUSION
In this study, we show the potential uses of in pouch electroporation in marsupials to perform multiple transfection events in the developing forebrain, with high success and low mortality.
In pouch electroporation could be used to obtain crucial insights into the early mechanisms of mammalian brain formation, by combining experimental techniques that would not be feasible in rodents or other eutherian animal models. In addition, this approach also offers opportunities to address comparative and evolutionary questions, as well as to explore the roles of genetic and environmental influences on circuit formation in health and disease.
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